A complete charge-division mechanism, including both the diffusion and the electromagnetic wave propagation on resistive electrodes, is presented. The charge injected into such a transmission line divides between the two ends according to the ratio of resistancies and independently of the value of the line resistance, of the propagation mechanism and of the distribution of inductance and capacitance along the line. The shortest charge division time is achieved for Rt, = 2T7 (L/C)½, where R, L, C are resistance, inductance and capacitance per unit length and t is the length of the line.
Introduction
Position determination of the particle along the anode wire by charge division has been used and reported by several authors. The underlying physical processes, however, have been studied and understood only for diffusive approximation of the transmission line. Within this approximation, which neglects completely the inductance of the line, (and within an additional assumption about the line uniformity) it was shown1'2 that the charge division method is inherently linear. That is, the ratio of the charges collected at the two ends of the anode is the inverse ratio of the wire resistances between the injection point and the wire ends (see Fig. 1 ).
The relative importance of each propagation mechanism depends on the line parameters. If the total ohmic resistance t?R of the anode is larger than the critical resistance Rct = 21T4S7 the electric diffusion mode of propagation dominates. If tR < 2TTj7, the electromagnetic wave propagation is the dominant propagation mechanism. For the critical value of the anode resistance, both mechanisms are equally important.
It is shown that for the critical value of the anode resistance, the deterioration of the signal rise time due to the diffusion properties of the resistive anode is negligible for all practical applications. Moreover, it is shown that the critical value of the anode resistance minimizes the discharge time of the line, that is the time needed for the charge division method to give its asymptotic value which depends only on the position of the incident particle.
The asymptotic ratio of charges flowing out from the two ends of the anode wire is the inverse ratio of the wire resistances between the injection point and the wire ends, that is Eq. (1). This ratio does not depend on L or C of the line even in the general case where both L(x) and C(x) are functions of the position along the anode (including the lumped L,C added to the line). Only the time needed to reach the asymptotic ratio depends on all parameters of the line. The possibility to use the charge division as an unambiguous second coordinate readout for drift chambers requires that the relationi is satisfied for a practical detector with a realistic value of the anode resistance. The value of the anode resistance is limited by the requirement of the drift time measurement. If the anode resistance were too big, the rise time of the signal passing through the anode would increase causing the degradation of the drift time measurement.
For typical values of anode resistance used in drift chambers, the diffusion approximation of the transmission line equation is not an adequate approximation and a complete description is needed.
As shown in Fig. 1 , the anode wire with the surrounding electrodes can be considered as a transmission line with distributed R, L, C parameters (resistance, inductance, and capacitance per unit length, respec--tively, and G = 0).
In this paper, the propagation of signals along such a transmission line is studied theoretically. It is shown first that for any anode line with R # 0 there are two different propagation mechanisms always present, (a) electric diffusion (b) electromagnetic wave propagation.
Theory of the Charge Dividing Mechanism for a Uniform

Line
The signal propagation along a resistive transmission line can be solved for a special case of a homogeneous line where all three parameters (resistance R, inductance L, and capacitance C per unit length) are constant along the length of the line. u(x,t = 0) = Q/C * 6(x-x0) .
(10)
The second condition simply states that the current in the line with a nonzero inductance cannot change discontinuously. (See also Appendix.) We can rewrite the second initial condition using the continuity equation 
Let us study the decay time of the line, that is, the time needed to discharge the line. We shall see that the fundamental harmonic (n=l) has the slowest decay rate and, therefore, it defines the discharge time of the line. The line parameters R, L, C define the main harmonic to be either underdamped, overdamped, or critically damped. According to the character of the solution of the main harmonic equation we can define an RCL line to be:
(1) underdamped line for As it is well known and can be seen from the explicit solution1l qritical damping gives the most rapid decay (F e_0c2L t). Higher harmonics (n = 2,3 ..) of a critically damped line have periodic solutions with the same exponential damping factor as the fundamental harmonics. Initial condition of an impulse charge injection at a certain position along the transmission line gives a white spectrum of the coefficient of the Fourier harmonics. We can see that the critically damped line gives the discharge time roughly correspondi ng to the decay time of the fundamental harmonic independent of the initial excitation of the line.
For the underdamped line, all harmonics (including the fundamental harmonic) are decaying as eCR/2L(Eq.12).
The line resistance R is smaller than the critical resistance RC and so the decay time of an underdamped line is longer than the decay time for the critically damped line.
For the overdamped line at least the first harmonic has an aperiodical solution. Its slowly decaying exponential limits the discharge rate of the line to be lower than the discharge rate of the critically damped line. It is interesting to note that the propagation in a line with nonzero inductance cannot be purely diffusive. No matter how large the resistance R of the line is, the solutions of Eq. (11) are underdamped above a certain value of n. These solutions are needed to limit the speed of the signal propagation compared to the pure diffusion. Obviously, the periodic harmonics of the overdamped line are decaying as e-R/2L, where R4 > R0Ci, therefore, much faster than the fundamental harmonic which dominates the behavior of the line for t > L/R.
We have just shown that the critically damped line gives the shortest decay time. Let us gain some insight into physical processes defining and limiting its rate of the decay. We see that for the diffusive approximation, the decay time constant is twice as long as for the realistic case. In the diffusive approximation, the charge from the central region of the line has to diffuse all the way to the end of the line. If the realistic case is considered, the charge from the central region is "pushed away" by the electromagnetic wave propagation mechanism resulting in a shorted discharge time constant.
Discussion of the Results for the Uniform Line
Equation (11) gives the complete solution of the problem, that is, the analytical expression for the voltage u(x,t) across the line as a function of position coordinate x, time t and injection point xo. From this we can directly derive the time dependence of the currents flowing out of the ends of the line. The current rise time is the most important factor for the timing information used for the measurement of the drift coordinate. The decay rate of the current defines the discharge time of the line, that is, the time needed for the charge ratio to reach the asymptotic value.
Its length defines the pile-up time and limits the rate capability of the charge division method.
The explicit relations for the current flowing out of the ends of the line are cumbersome and provide little insight into the physical phenomena. We shall, rather, present here the results of the calculation done by computer to shcw the signal propagation along a two meter long line used as a model, that is the voltage across the line u(x,t) as a function of x with t as a parameter. Also, the currents at the ends of the line as seen by preamplifiers and charges collected by the preamplifiers as a function of time are shown.
Results are presented for three damping conditions; underdamped, (Figs. 2-4) , overdamped, (Figs. 5,6 ), and critically damped, (Figs. 7,8) . The total resistance of the overdamped line is twice the value of the critical resistance, the underdamped resistance is one half of the resistance for the critically damped line. We can see the relative importance of the diffusive and electromagnetic wave propagation for each case. Typical anode wire parameters are used (c : lOpF/m, ZO P 330 Q).
For the underdamped line, where the electromagnetic wave propagation mechanism dominates, there are large reflections at the shorted line ends (Figs.2,3) . The remaining charge on the line changes the sign and it takes several reflections to discharge the line (Fig. 4) .
The overdamped line attenuates the wave propagation very fast and after a few nanoseconds, only diffusive propagation is present. Then, the voltage distribution along the line is dominated by the fundamental harmonic. This harmonic is symmetrical with respect to the center of the line independent of the injection point (Fig. 5) . The line discharge is relatively slow (Fig. 6 ).
In the critically damped line both the electromagnetic wave propagation and the diffusion are equally important. There is a reflected wave of the opposite polarity which tends to cancel the direct diffusive charge on the line (Fig. 7) , decreasing the total discharge time. We can see that in 20 nanoseconds (; 10 times the Tc for a 2 m long line under consideration) the remaining charge on the line is less than 0.1%.
The rise time of the current pulse at the line (16) end is about 1 ns, and about 40% of the total charge is delivered to the preamplifier within this time (Fig. 8) .
On
For proportional and drift chambers, the anode capacitance per unit length depends only logarithmically on the anode wire diameter and on the distance between the anode and the surrounding electrodes. The value of C = 10 pF/m taken in the above example is a typical value for most chambers. Given the C-value, then with Or = 1, r = 1, ZO = ,CTC f~i 330 Q. Therefore, the critical resistance 2Rc is typically 2 KQ.
The length of the wire is a very important parameter. Decay time constant is proportional to the wire length as should be expected for the electromagnetic wave propagation mechanism (Eq. 15). The critically damped line defines the anode resistance in such a way that also the diffusive time constant is proportional to the wire length ( for the injection point at the center of the line. In this worst case the rise time degradation for a critically damped line is only about 20% of the time needed for the electromagnetic wave to propagate along the full length of the line, i.e., for a 2 m long resistive line about lns (Fig. 8) . To detect such a small contribution to the overall rise time at the anode wire end, the injected signal and the preamplifier have to have a comparable rise time.
We used the common base preamplifier described in Ref. 3 where 2 kQ collector resistor of the first transistor was replaced by a 1 kQ resistor. (The collector current was increased to 2 mA.) The pulse response of the preamplifier is shown in Fig. 9(a) .
Figures 9(b) and (c) show signal waveforms at the output of the preamplifier, taken with a storage oscilloscope. Figure 9(b) is a 5.9 keV X-ray at x = 0 seen at the near end. The rise time of about 5 ns is consistent with the diffusion of the electron cloud during its drift to the anode. This diffusion time was obtained with a gas mixture of 60!. Ar and 40% C2H4.
Figure 9(c) shows the same X-ray source at x = 1 m, that is, at the middle of the anode wire. The amplitude is ½ of the previous signal waveform, but the rise time is the same. We can conclude that the rise time degradation of the signal along the 2 m long resistive wire is smaller than 2 ns.
Conclusions
The intrinsic linearity of the charge division method is particularly important for a large detector system with many wires, where a single two-point position calibration at the ends of the wire can be used. The measured particle position is independent of the reactive parameters L and C of the line. This is important in large systems where differences in L and C from wire to wire can be expected. Finally, the position calibration is also independent of the variations in the wire resistance with time and/or temperature.
From the studies of the response time of the line, we conclude that the resistance for wires of one to two meters in length should be between Rc1 and 2 RcA, that is, between 2 and 4 kohms. This is a compromise between the requirement for low noise (high wire resistance) and for minimum response time (critical damping). With these values of wire length and resistance, the discharge time of the line is shorter than the current pulse of the proportional chamber, which is determined by the drift velocity of positive ions. The degradation of the signal current rise time due to the propagation along the anode is small, since the signal rise time for a single cluster of primary ionization is limited to 5 to 10 nanoseconds by the diffusion during the electron drift to the anode. Therefore, the response time of such a line does not limit the rate and the timing accuracy in drift chamber applications.
These results prove the compatibility of the charge division method with the drift time measurement. This is important for construction of large drift chambers with unambiguous readout and of certain types of time projection chambers.
APPENDIX
The anode wire and the surrounding electrodes (Fig. 1) represent a transmission line with distributed R,L,C parameters (resistance, inductance and capacitance per unit length, respectively), and conduc'tivity
As it is well known, the current and voltage as functions of position x along the wire and time t have to satisfy two telegrapher's equations.
6u(x,t) + L(x) ai(x,t) + R(X)i(x,t) = 0 (Al) ix't + C(x) ( + (G u(x,t) 
We used here the integrated boundary conditions (A2)
Knowing that U(Q) = 0 as a consequence of the same boundary condition, we can evaluate expression (A7) for x = 2 and calculate Q(O) from it. 
aQ-X-= C(x) V(X) or after a short manipulation we can write:
The expressions (A8) and (A9) give the total asymptotic charge collected from the ends of the anode wire as functions of the transmission line parameters R(x),L(x), C(x) and the initial condition V(x) and I(x). To apply the above equations for our case, we have to find the initial conditions corresponding to the impulse charge injection into the transmission line. Assuming that the line was completely discharged at time t 0= , the injected charge causes the potential of the anode to move so the first initial condition (A3) can be written as
The second equation of (A5) can be integrated again where q(x) is the linear density of the injected charge. 
